INTRODUCTION
Rapid advances in next-generation sequencing technologies are driving genome-wide association studies 1 and facilitating the annotation of previously unclassified genomic elements. 2 The resulting wealth of information is offering researchers unprecedented insights into the molecular basis of human disease. With the emergence of highly versatile genome editing tools, 3 including zinc-finger nucleases (ZFNs), TALE nucleases (TALENs), and CRISPR/Cas9, investigators are now positioned to capitalize on this information and develop new therapies that raise the possibility of correcting the underlying genetic causes of disease. However, successfully translating these concepts toward the clinic will require the development of methods and delivery vehicles that will both facilitate and enhance the ability of these tools to correct disease-associated mutations.
Adeno-associated virus (AAV) has emerged as a highly promising gene delivery vector due to its low immunogenicity and ability to mediate persistent gene expression in nondividing cells. 4 The potential of AAV is evidenced by its efficacy in a number of clinical trials, including those for hemophilia B, 5, 6 Leber's congenital amaurosis type II, 7, 8 choroideremia, 9 and lipoprotein lipase deficiency, 10, 11 the last of which gained regulatory approval in the European Union in 2012. In addition to its growing therapeutic potential as a vehicle for gene delivery, AAV can serve as a donor template for homologous recombination (HR), the process by which two highly similar DNA sequences undergo strand exchange. Indeed, the AAV vector genome is endowed with the surprising ability to stimulate HR 12 at efficiencies that exceed conventional plasmid donor systems or other viral vectors. To date, this method, referred to as AAV-mediated gene targeting, has enabled the introduction of a broad range of genomic modifications into mammalian cells both in vitro 13 and in vivo. 14, 15 Coupled with targeted nucleases-which can further enhance the efficiency of HR via induction of targeted DNA double-strand breaks (DSBs) 16 -AAV technology is now poised to accelerate both basic research and clinical applications of genome engineering.
Here, we review the key features of AAV that make it uniquely suited for genome engineering. We highlight the diverse range of genomic modifications enabled with this technology, as well as the prospects and potential for unifying AAV with targeted nucleases for human gene therapy.
AAV BIOLOGY
AAVs are nonenveloped, single-stranded DNA viruses that replicate only in the presence of helper virus, such as adenovirus or herpes simplex virus. The AAV viral genome is ~4.7 kilobases (kb) in length and contains two inverted terminal repeats that flank two genes, rep and cap, which encode proteins that facilitate viral replication and capsid assembly, respectively. By utilizing alternative splicing and start codons, the rep gene can be translated into four overlapping proteins (Rep78/Rep68 and Rep50/Rep42) that are essential for viral replication, integration, transcriptional regulation, and assembly. The cap gene can be translated into three structural proteins (VP1, 2, and 3) that self-assemble into a ~26 nm diameter icosahedral particle and, through use of an alternative reading frame, the assembly-activating protein (AAP), 17 which can assist in capsid formation (Figure 1) . The inverted terminal repeats, which contain palindromic sequences that form an internal T-shaped hairpin structure with specific binding sites for Rep proteins, 18 are the only cis elements required for viral packaging. As a result, rep and cap can function in trans to support In addition to their broad potential for therapeutic gene delivery, adeno-associated virus (AAV) vectors possess the innate ability to stimulate homologous recombination in mammalian cells at high efficiencies. This process-referred to as AAV-mediated gene targeting-has enabled the introduction of a diverse array of genomic modifications both in vitro and in vivo. With the recent emergence of targeted nucleases, AAVmediated genome engineering is poised for clinical translation. Here, we review key properties of AAV vectors that underscore its unique utility in genome editing. We highlight the broad range of genome engineering applications facilitated by this technology and discuss the strong potential for unifying AAV with targeted nucleases for next-generation gene therapy.
virion assembly and production of vectors that deliver recombinant genetic payloads.
AAV infects cells by attaching to specific primary cell-surface receptors, such as heparin sulfate proteoglycans for AAV2 19 or sialic acid for AAV5, 20 and then to a secondary receptor that mediates endocytic uptake. 21 This choice of primary and secondary receptors strongly contributes to viral tropism. Once internalized, AAV traffics through the endocytic pathway, escapes the endosome with the aid of a phospholipase domain in the capsid, and transports to the nucleus where the viral genome is released and converted from single-stranded to double-stranded DNA in large part by host DNA polymerases. 22, 23 The majority of these genomes then form concatemers that persist extrachromosomally as linear episomes within nondividing cells. In the presence of helper virus, wild-type AAV initiates a productive viral infection, while in the absence of helper, AAV can establish latency in the human genome through Rep-mediated integration.
NONHOMOLOGOUS INTEGRATION OF AAV INTO THE HUMAN GENOME
Wild-type AAV viruses encoding the rep gene integrate within a defined region of human chromosome 19, termed AAVS1 (Figure 2) . Although AAVS1 contains no large regions of homology with the viral genome, up to 70% of AAV integration events occur within this site, 24, 25 primarily through a nonhomologous deletion-substitution recombination mechanism. 26 While many details about this process remain unknown, studies using recombinant AAV vectors have indicated that this mechanism favors single-stranded over self-complementary genomes. 27 AAV integration into AAVS1 is mediated entirely by Rep proteins, 18, 28 which recognize specific Rep-binding elements in the vector inverted terminal repeats 29 and an adjacent 138-bp cis integration efficiency element. Co-delivery of rep-deficient, nonviral AAV-derived plasmid [30] [31] [32] with Rep78/ Rep68 facilitates site-specific integration into the AAVS1 locus. The efficiency of this process, however, is exceedingly low (~0.1%), and overexpression of the Rep proteins is associated with numerous undesirable side effects, including apoptosis. 33 AAV vectors without the rep gene can also integrate at random chromosomal sites via non-HR 34, 35 at efficiencies near 0.1% (Figure 2) . 36 Numerous studies have mapped the integration preferences of AAV in multiple cell lines and tissues, yielding insights into some of the factors that drive this process. In particular, insertions have been found to predominantly occur within regions associated with genomic instability, [37] [38] [39] including segmental duplications, noncoding satellite DNA, palindromic sequences, and ribosomal RNA-encoding DNA repeats. Vector integration has also been frequently observed within CpG islands. 37, 38 Other studies have reported that AAV insertions can occur within actively transcribed genes. 40, 41 While these findings raise concern about the possibility of insertional mutagenesis 42 or aberrant gene activation or inactivation, the wealth of data collected to date indicates that AAV vectors are safe. 6, 43 The elucidation of "hot spots" where AAV integration events can occur, albeit at very low frequencies, provides insight into the potential mechanism for integration. These sites tend to have a highly repetitive nature and are thus dynamic and likely undergo routine recombination, 44 leading to transient DNA DSBs that have the potential to attach to the AAV vector genome via nonhomologous end joining. 45, 46 Indeed, the frequency of AAV integration has been shown to be dramatically increased by DSB induction, 46 indicating that breaks are a critical factor driving nonhomologous integration.
AAV-MEDIATED GENE TARGETING
While highly useful for modifying certain cell types, such as mouse embryonic stem cells, 47 HR between exogenous DNA and a chromosomal locus has been limited in many other cell types, routinely displaying frequencies of 10 -6 or lower. AAV vectors offer means to overcome this limitation (Figure 2 ). In 1998, Russell and Hirata 12 reported that an AAV viral genome possesses the innate ability to stimulate HR by 1,000-fold compared to conventional donor systems or other viral vectors. 48 In some cases, up to 1% of treated cells have been reported to undergo recombination. 49 Gene targeting by AAV, which proceeds through the canonical HR pathway, 50 can be achieved by introducing genome sequences homologous to a specific chromosomal region into the AAV vector (Figure 3) . By altering the DNA sequence between these homology arms, a broad range of modifications can be introduced in a targeted manner by natural recombination with the target locus, including single-base substitutions, 51, 52 and site-specific integration. 49 The efficiency and specificity afforded by AAV-mediated gene targeting has streamlined the creation of isogenic cell lines, [53] [54] [55] [56] enabling the in vitro study of human disease. Impressively, AAV-mediated gene targeting has proven effective in vivo, enabling proof-of-principle correction of a mutant lacZ transgene in the ROSA26 locus, 14 and therapeutically relevant correction of the β-glucuronidase gene (whose loss of function causes mucopolysaccharidosis type VII 14 ) at efficiencies of 1-2 corrected hepatocytes per 10 4 cells in a mouse model of the disease. Frequencies up to 10 -3 have also been reported for repair of the fumarylacetoacetate hydrolase (Fah) gene in a mouse model of hereditary tyrosinemia. 57 Transgene integration into ribosomal DNA has also been demonstrated in vivo 58, 59 by using AAV vectors containing homology to ribosomal DNA, which has shown increased chromosomal integration in comparison to other genomic targets. More recently, AAV was used to mediate integration of the F9 gene into the albumin locus, 60 leading to integration in ~0.5% of all albumin alleles in hepatocytes and amelioration of hemophilia B symptoms in a mouse model of the disease.
AAV-mediated integration can also facilitate human disease modeling, as evidenced by the in vivo insertion of enhancer/promoter elements to convert normal hepatocytes to hepatocellular carcinoma cells in the liver of mice. 61 In another example of AAVmediated disease modeling, knockout and knockin modifications were introduced within the cystic fibrosis transmembrane conductance regulator gene in pig fetal fibroblasts, 62 enabling the generation of a model of cystic fibrosis in newborn pigs by somatic cell nuclear transfer. 15 In addition to animal models, AAV has also shown success facilitating modifications ex vivo for potential regenerative medicine applications. In mesenchymal stem cells from patients with brittle bone disorder osteogenesis imperfecta, AAV was able to inactivate up to 90% of all dominant-negative COL1A1 mutant alleles, 13 and in primary keratinocytes derived from persons with Wild-type and recombinant AAV vectors can also integrate into random chromosomal sites via nonhomologous end joining (denoted by blue circles). When the AAV vector genome is modified to contain a genomic sequence homologous to a specific chromosomal site, homologous recombination (HR) between the AAV vector and target site can occur (denoted by blue DNA fragment). Co-delivering a targeted nuclease within the same or a separate AAV particle can further enhance the frequency of HR. recessive inherited junctional epidermolysis bullosa, ~1% of mutant LAMA3 genes were corrected. 63 Additionally, repair of the human HPRT1 and HMGA1 genes in human embryonic stem cells was achieved. 64, 65 AAV has also been used to reengineer the human leukocyte antigen, 66 indicating potential to combat graftversus-host disease and generate universal cells from allogeneic donors.
The efficiency of AAV-mediated gene targeting depends both on the multiplicity of infection (MOI) 46 and the length of homology arms inserted into the AAV vectors, 67 though recombination frequencies with AAV genomes containing fourfold shorter homology arms than a conventional system can still be >100-fold higher. Indeed, gene targeting has been observed with vectors containing as little as 200 bases of homology on one arm, 67 although increased homology leads to higher targeting rates. Central positioning of the desired mutations within the viral genome has also been shown to increase modification rates. 67 In addition, the chromosomal position of the genomic target site has been reported to influence integration. 68 In particular, a recent analysis of over 2,000 targeted sites revealed that AAV vector integration is biased toward target sites located within transcriptional units, 69 with a preference for loci embedded within chromosomal genes being transcribed in the opposite direction of the gene-targeting event.
The mechanism behind the enhanced efficiency of AAV-mediated gene targeting requires further elucidation but likely involves the linear single-stranded nature of the AAV viral genome, 67 which may simulate DNA damage and induce the cellular DNA repair pathway.
COMBINING AAV WITH TARGETED NUCLEASES
Although AAV-mediated gene targeting is highly versatile and can mediate the introduction of a variety of modifications, its in vivo efficiency is too low for most clinical applications, and to date, positive results been largely focused on the liver. 14, 57, 60 However, as with conventional plasmid DNA repair templates, 16, 70, 71 the induction of DSBs can increase the frequency of AAV-mediated gene targeting by up to 100-fold in human cells. 72, 73 In recent years, a number of highly flexible tools, including ZFNs 74 -which are currently in clinical trials 75 -TALENs, 76 and CRISPR/Cas9 77 have emerged and endowed investigators with the ability to induce DSBs at user-specified genomic loci. Both ZFNs [78] [79] [80] [81] and CRISPR/ Cas9, 82 in particular, have been combined with AAV to induce targeted gene disruptions and chromosomal deletions in cell culture (Figure 2) , including, for example, the inactivation of essential hepatitis B viral factors. 81 ZFNs have also been employed with AAV to enhance site-specific integration in a number of settings, and when combined with vector engineering and optimization approaches 4 can be extended to difficult-to-transduce targets such as human embryonic stem cells. 80 Indeed, evolved AAV variants with enhanced gene delivery capabilities are able to considerably increase the frequency of gene targeting. 80 Combining targeted nucleases with AAV raises the possibility of therapeutic in vivo genome editing. As proof-of-principle, systemic delivery of AAV vectors encoding ZFNs targeting a defective copy of the F9 gene and its repair template have led to permanent correction and increased levels of F9 production in a murine model of hemophilia B, 83 indicating the potential for combining these technologies to correct inherited genetic disorders. More recently, the CRISPR/Cas9 system, 84 which enables highly efficient RNA-guided genome editing in the absence of protein engineering, 85, 86 was combined with AAV to facilitate in vivo gene disruption in the brain and liver. Specifically, the Streptococcus pyogenes Cas9 (SpCas9) and its single guide RNA (sgRNA) were used to disrupt expression of multiple genes in mouse brain after stereotactic injection, 87 and more recently a Cas9 ortholog from Staphylococcus aureus (SaCas9) was used to modify the PCSK9 gene in the mouse liver, 88 leading to a ~95% decrease in Pcsk9 protein levels and a ~40% reduction in total cholesterol 1 week after systemic injection (CRISPR-mediated modification of the PCSK9 gene has also been achieved in vivo via adenoviral delivery 89 ). Notably, unlike with SpCas9, only a single AAV particle was required to deliver SaCas9 and its sgRNA, as this variant is ~25% smaller than SpCas9. Indeed, the limited carrying capacity of AAV vectors (~4.7 kb) has impeded single particle delivery of SpCas9 (~4.2 kb) and its sgRNA for in vivo genome-editing applications, although a split-intein-mediated SpCas9 trans-splicing system has been developed to help address this challenge. 90 In addition, AAV-mediated delivery of zinc-finger-and TALEbased transcription factors has enabled repression of mutant huntingtin protein in a mouse model of the disease, 91 and optogenetic control of gene expression in the mouse brain, 92 respectively, indicating the potential of combining AAV with a number of different tools capable of controlling gene expression.
ENHANCING AAV-MEDIATED GENOME ENGINEERING
Despite its ability to facilitate gene targeting in vitro and in vivo, numerous hurdles must still be overcome in order for AAV to reach its full potential for therapeutic genome engineering. Naturally occurring AAV serotypes are capable of infecting some cell types and tissues; however, evasion of neutralizing antibodies, improved biodistribution, tissue penetration, targeted delivery and, in particular, increased efficiency are needed in order to fully unlock the potential of therapeutic AAV gene delivery. Directed evolution can be harnessed to engineer tailored vectors with enhanced properties that can overcome such barriers. 4, 93 These AAV vectors can be paired with targeted nucleases to mediate both cell-and gene-specific modifications. 80, 94 Additionally, off-target DSBs introduced by targeted nucleases could pose a serious challenge for AAV-mediated gene targeting, as these breaks can lead to undesired integration of the viral genome. The development of improved genome editing tools with refined specificity or enhanced nicking activity 95, 96 could help mitigate these effects. The use of self-inactivating AAV vectors containing pseudocleavage sites embedded within the vector genome could also be used as means to prevent vector integration. 97 In addition, because the off-target activity of nucleases depends on their concentration within a cell, co-delivery of an AAV vector encoding a repair template 98 along with nucleaseencoding mRNA 99 or purified nuclease protein 100 could be utilized to reduce off-target effects. Since nucleases delivered into cells as mRNA or protein undergo rapid clearance, such an approach would limit the amount of time the cell is exposed to the risk of off-target nuclease activity, yet still enable synergistic viral vectormediated gene targeting. However, improvements in mRNA and protein delivery are likely needed for efficient in vivo implementation of this strategy.
Furthermore, while AAV vectors themselves are highly recombinogenic, the cellular proteins that facilitate HDR are expressed primarily during S phase of the cell cycle. 101 Thus, inducing efficient targeted correction in many therapeutically relevant cell types, including neurons, retinal cells, and cardiomyocytes, is challenging both in vitro and in vivo. One potential approach for overcoming this hurdle in vitro is tailoring culture conditions to increase the proportion of mitotic cells, thereby enabling more efficient genomic modifications. 102 Analogously, synchronizing cells in S phase can also help increase gene targeting in vitro. 103 In addition, small molecule inhibitors of the nonhomologous end joining pathway have been shown to enhance AAV-mediated gene targeting in vivo 104 and should be compatible with nuclease-induced DSBs. Transient cell cycle arrest has also been shown to enhance nuclease-assisted AAV-mediated gene targeting in vitro. 105 Nevertheless, there remains an urgent need for strategies that maximize HR in postmitotic cells in vivo, with one possibility being co-delivery of key components of the HR repair pathway within the AAV vector, though multiple particles may be needed to facilitate this.
CONCLUSIONS AND FUTURE DIRECTIONS
AAV vectors are highly promising therapeutic gene delivery vehicles that also offer the potential to facilitate and enhance many clinical applications of genome engineering. In order for AAVmediated genome engineering to reach its full therapeutic potential, however, many important questions and challenges must be addressed. Chief among them: will AAV-mediated genome modifications be efficient enough to confer a therapeutic benefit? Questions also center on the long-term safety of delivering genome-modifying cargo to cells. In addition to the potential for off-target mutations and insertional mutagenesis, concerns over host immune responses to the AAV vector and the genome editing cargo must also be addressed. Furthermore, due to the size constraints associated with AAV vectors, it also remains unknown whether dual-particle delivery, which may be necessary for certain Cas9-based applications, can support sufficient levels of modification to yield a therapeutic effect. These challenges notwithstanding, AAV-mediated genome engineering is poised to usher in a new era of medicine that promises to convert genomic data to personalized and targeted therapies.
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